advantage'' and the second as the ''successional niche.'' persist, even with unlimited colonization by late successional domThese mechanisms often operate together but do not inants, because they specialize on the resource-rich conditions typical of recently disturbed sites. We modify the widely studied necessarily do so. competition-colonization model so that it also includes the mechFor example, after ploughing at Cedar Creek (Minneanism behind the niche hypothesis. Analysis of this model suggests sota), old fields are initially dominated by annuals with simple experiments that determine whether the successional diver-high fecundity and rapid growth such as Ambrosia artemsity of a field system is maintained primarily by the competition-isiifolia. These species are subsequently displaced by pecolonization mechanism, primarily by the niche mechanism, by rennials, such as Schizachyrium scoparium, that have slow neither, or by both. We develop quantitative metrics of the relative growth and low fecundity and are capable of creating and importance of the two mechanisms. We also discuss the implications for the management of biodiversity in communities struc-tolerating low levels of soil nitrogen (species with low R*; tured by the two mechanisms. Tilman 1982) . Ambrosia tends to arrive before Schizachyrium and initially outgrows it (Tilman 1994) , but AmbroKeywords: successional diversity, competition colonization, successia is displaced because it cannot survive the low nitrogen sional niche. availability created by Schizachyrium (Wedin and Tilman 1993) . Similarly, in forests in northeastern North America, the most important early successional domiEarly successional plant species typically have a series of nant Red Oak (Quercus rubra) easily overtops the late correlated traits, including high fecundity, large dispersal, successional dominant Eastern Hemlock (Tsuga canarapid growth when resources are abundant, and slow densis) in high light, but not in the understory where oak growth and low survivorship when resources are scarce.
saplings die and hemlock saplings survive (see Pacala et Late successional species usually have the opposite traits, al. 1996) . Individual hemlocks cast more shade than indiincluding relatively low fecundity, short dispersal, slow vidual oaks, but oak seeds disperse longer distances on growth, and an ability to grow and to survive under average than hemlock seeds (Ribbens et al. 1994) . In resource-poor conditions (Grime 1979; Tilman 1988;  both the Minnesota grasslands and temperate forest, we Garnier 1992; Rees 1993 Rees , 1996 . These attributes define see evidence of both an early successional colonizing advantage and an early successional niche.
perhaps the most visible explanation of successional diTwo processes control the dynamics. Disturbance converts space occupied by species i into vacant space at rate versity (Tilman 1994) . The simple mathematical model of the competition-colonization trade-off was formulated D i . The parameter D i represents cell mortality and is equivalent to the parameter m i in the models of Tilman originally by Levins and Culver (1971) and studied later in a large number of papers including Horn and MacAr-and coworkers (e.g., Tilman 1994; Tilman et al. 1994) . It summarizes all forms of density independent mortality of thur (1972) , Armstrong (1976 ), Hastings (1980 , Shmida and Ellner (1984) , Crawley and May (1987) , Nee and adults. Randomly dispersing colonists of species i are produced at rate c i (per cell occupied by species i), and a May (1992), and Tilman (1994) . For communities where diversity is maintained by the competition-colonization colonist instantaneously captures the cell in which it lands if the cell is either vacant or occupied by a less trade-off, extinction following habitat destruction occurs first in the competitive dominants and has a substantial competitive species. Thus, change in the abundance of species i (dX i /dt) is equal to the space lost because of distime lag, the ''extinction debt '' (Nee and May 1992; Tilman et al. 1994 
, plus the new abundance could seriously affect ecosystem function. These conclusions depend critically on the assumption space captured by the species (c i X i W i ), where W i is the fraction of space not occupied either by species i or by a that diversity is maintained solely, or in large part, by a competition-colonization trade-off. The validity of the as-stronger competitor (
Like the rate of collision between randomly moving gas sumed competition-colonization trade-off is discussed in Tilman (1994) , Rees (1995) , and Rees et al. (1996) , but molecules, the rate of space capture is given by the product of the per cell abundance of the randomly dispersing see also the counterexamples reviewed in Banks (1997) .
In this article, we observe that the competition-coloni-species-i propagules (c i X i ) and the abundance of cells that can be colonized by species i(W i ). To summarize, zation model includes only one of the above two mechanisms maintaining successional diversity. It includes the the model for N different species is colonizing advantage of early successional species but does not include their successional niche. We add a suc-
(1) cessional niche to the model in a simple way, by relaxing perhaps the most restrictive assumption of the model, For simplicity, we will focus on the two-species version namely, the instantaneous exclusion of weak competitors. of equation (1) with equal death rates (D ϭ D 1 ϭ D 2 ), Analysis of this new model identifies field experiments although all of the results below can be easily generalized. that determine whether successional diversity is main-Also, it is convenient to write the colonizing rate of spetained by the colonizing advantage, the successional cies 1 as simply c and the colonizing rate of species 2 as niche, a combination of the two, or neither. We also pro-a number α times c. Note that α is assumed to be Ͼ1 vide measures of the relative importance of the two because species 2 produces more colonizing propagules mechanisms when both are important. Finally, we show than species 1. that the two mechanisms have markedly different imIf both species in the model are initially rare, like most plications for management and harvesting. Unlike the plant species immediately after agricultural abandoncompetition-colonization trade-off, the niche mechanism ment, then each grows exponentially for a time (if c Ͼ D does not imply lagged extinction of late successional for species 1 and αc Ͼ D for species 2; otherwise the spedominants following habitat destruction.
cies is unable to persist in monoculture). Because species 2 grows at a faster exponential rate than species 1 (αc Ϫ D instead of c Ϫ D), the poor competitor initially domiThe Competition-Colonization Model nates the site ( fig. 1) . Eventually, the species are attracted The idea behind the competition-colonization model is to a globally stable equilibrium (Hastings 1980) . The that species can be ordered in a perfect linear competitive dominant competitor invariably attains the same abunhierarchy, with competitive ability trading off against col-dance as it would if growing by itself, X * 1 ϭ 1 Ϫ D/c, onizing ability. By convention, species are numbered in whereas the subordinate competitor attains X * 2 ϭ D/c Ϫ order of their competitive abilities. The habitat is as-1/α, giving a relative abundance of sumed to be divided into an infinite number of spatial cells, with a fraction X i at time t occupied by species i.
. (2) Although the X i are formally functions of time (as in X i [t]), we will write them simply as X i to keep the formulas clean.
Species 1 generally becomes the numerical dominant species 2. Similarly, we must divide the fraction of space in which species 2 is present into two pieces: the fraction E, in which it is alone, and the fraction M, in which it is present with species 1 (M for mixed). By definition, the fraction of free space (F), is 1
To specify the dynamics, we must formalize three processes: colonization, succession, and disturbance. Although each of the types of space containing species 1 (S, R, and M) could in principle produce species-1 colonists at a different rate (i.e., greater fecundity in R than in S or M), we assume, for simplicity, that each produces colonists at rate c. Similarly, we shall assume that the two types of space containing the early successional species both produce species-2 colonists at rate αc. Although succession could proceed at different rates in cells of type S and M (i.e., at a faster rate in S than in M if species 2 succession in cells of types S and M are easily relaxed. The conclusions of this study do not depend qualitatively on these assumptions. Finally, we again assume that each over time, giving successional turnover, unless its colonizing ability is extremely low or the disturbance level is type of cell is disturbed at the same rate D. With these assumptions, the model is high. To fail to become the numerical dominant, species 1 must have such limited colonizing ability that it would be unable to occupy even 50% of available space when 
successions. Perhaps the most undesirable feature of this model is the instantaneous exclusion of the inferior competitor whenever a superior competitor colonizes a site.
In the next section, we develop a simple model that incorporates the biologically reasonable assumption that and the successional dynamics of competitive exclusion take time, in part because early successional species typically F ϭ 1 Ϫ S Ϫ R Ϫ M Ϫ E . grow quickly in the resource-rich conditions immediately following disturbance.
The expressions in square brackets are the rates at which colonists of the two species are produced. In the first equation, the first term is colonization of free space by speFinite Rates of Succession cies 1, the second is colonization of susceptible species-1 space by species 2 (thereby turning S into M), the third Unfortunately, we now require a model with a minimum of four state variables. We must divide the fraction of term is successional conversion of susceptible species-1 space into resistant species-1 space, and the final term is disturspace in which species 1 is present alone into two pieces. Let S be the fraction of space in which species 1 has re-bance loss. These descriptions can be used as a guide to understand the terms in the remaining equations. cently invaded an empty cell and is susceptible to invasion by species 2. These sites are susceptible because reThese equations can describe many of the standard models of succession (e.g., tolerance, facilitation, and insources are not yet reduced below the levels required by the early successional species (species 2). Also, let R be hibition; Connell and Slatyer 1977) . In its current form, the model corresponds to a type of tolerance model, the fraction in which species 1 is alone and resistant to invasion because resources concentrations are too low for where succession proceeds by the replacement of early, species coexist if α is above the threshold given by the dotted line. Note that in the limit of rapid succession, as γ/c increases to infinity, the threshold approaches the coexistence threshold from the simple competition-colonization model: c/D.
To understand the implications of this model, it is useful to define new parameters and to set a new time- 
the solid line (c/D)i sϾ1. and fast-growing species by plants capable of regenerating in conditions of depleted light and nutrient resources that
. these early species create. By making the rate of succession in mixed sites slower than in monocultures, we would have the inhibition model. Facilitation can be It is important to understand that equations (3) and (6) modeled by assuming that the late successional species are mathematically equivalent. The advantage of (6) is can only colonize sites already occupied by the early suc-that the new parameters L and N control the strengths of cessional species. The relationship between the different alternative mechanisms maintaining successional divermodels of succession is discussed in Miles (1987) . In sity and are measurable through simple experiments. what follows, keep in mind that both facilitation and inhibi-Parameter L, which stands for ''Levins and Culver,'' contion would strengthen the importance of the successional trols how similar the system is to the simple competitionniche relative to the competition-colonization trade-off. If colonization model (1). Parameter L ranges from 0 to 1, added to model (3), inhibition would weaken species 1's and as L → 1, the system (6) converges exactly to the ability to colonize patches of type E, while facilitation would system (1). As L approaches 1, the average time between weaken its ability to colonize free space.
disturbances becomes infinitely long relative to the averAt equilibrium, the total abundance of patches con-age time required for local succession (γ Ͼ Ͼ D). Parametaining species 1 is simply ter N also ranges from 0 to 1 if the first condition in (5) is true (c Ͼ D), and as N → 1, the system (6) converges
to a new model that we label the ''niche model'' (N stands for ''niche''). As N approaches 1, the average time between disturbances becomes infinitely long relative to which is the same as in the competition-colonization model. It is easy to show that equation (4) 
is globally sta-the average time required for colonization (c Ͼ Ͼ D).
Thus, the niche model assumes unlimited availability of ble if it is positive (if c Ͼ D). The corresponding equilibrium abundance for species 2 (the expression for X * 2 ) is colonists of both species. Using the original parameters, the niche model is given in the appendix. The conditions for the coexistence of the two species (conditions ensuring the instability of the boundary equilibria and the positivity and local stadM dt ϭ DR Ϫ γM, bility of the internal equilibrium) are
c Ͼ D , and and (5)
This model is linear, with a single, globally stable equilibrium at X * 2 ϭ M* ϭ D/(D ϩ γ). If both species are inThe coexistence criterion is illustrated in figure 2. The
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troduced into abandoned agricultural land, then after group species into an early successional guild (species 2) and a late successional guild (species 1). Adding propainitially occupying all sites, species 2 will decline as species 1 locally excludes it until the relative abundance of gules of both species at saturating levels experimentally forces N to be equal to 1 by making c Ͼ Ͼ D. The dynamsites in which species 2 is present is ics of the manipulated system then follow the simple niche model (7), and the value of L is equal to 1 minus Relative abundance ϭ D 2D ϩ γ .
the ultimate (equilibrium) abundance of species 2 (see the value of X * 2 immediately after eq.
[7]). Thus, the seed addition experiment suggested by Tilman (1994) to test In equation (8), the faster local succession occurs (large γ) the rarer species 2 becomes.
the competition-colonization model actually allows one to measure the value of L in model (6) and so to deterDiversity in model (7) is maintained by a successional niche. Species 2 is able to invade and to reproduce within mine how close the system is to the simple competitioncolonization model. all recently disturbed sites no matter what the abundance of species-1 colonists. The niche model, thus, provides a
The second experiment removes the successional niche. Continual removals of species 2 from any cell condifferent explanation of successional diversity than the competition-colonization model. Species 2 persists in taining both species experimentally forces L to be equal to 1 by making γ Ͼ Ͼ D. The dynamics then follow the model (7) because it is adapted to grow under early successional conditions-by exploiting the resource-rich simple competition-colonization model (1), and the value of N is given by the ultimate abundance of species window that occurs before the ever-present but slowergrowing species-1 colonists are able to drive resources 1 (see eq.
[4]). Note that N is also the equilibrium abundance of species 1 in the unmanipulated system under down to critically low levels. In contrast, species 2 persists in the competition-colonization model only because the assumptions behind model (6). However, this result is not robust to the assumption of equal rates of succespropagules of the dominant fail to reach some sites after local disturbance. The biological justification for the sion and equal fecundities of species 1 in cells of different types. If the presence of species 2 temporarily slows the niche model is that early successional species typically have faster growth rates than late successional species un-advance of species 1 or reduces its fecundity, then the equilibrium abundance of species 1 will be ϽN in the under the resource-rich conditions immediately following disturbance. Because of their faster growth rates, early manipulated system but will still be N in the niche removal experiment. successional species may temporarily dominate after disturbance even in the presence of propagules of the late Together, the two experiments allow one to measure L and N. The colonizer additions remove all recruitment successional dominants.
Like competition-colonization model (1), the niche limitation and expose the dynamics of the successional niche, while the niche removal experiment eliminates the model (6) paints a picture that is broadly concordant with the natural history of secondary succession. How is successional niche and lays bare the dynamics of the competition-colonization trade-off. Note that one could one to distinguish between these two fundamentally different mechanisms? Natural or artificial gradients in the also measure N and L by fitting the simple niche and competition-colonization models to the transient dynamlevel of disturbance are not of much help because both models predict an increase in the relative abundance of ics of the manipulated plots rather than by waiting until abundances reach approximate equilibrium. the early successional species with increased disturbance (eqq.
[2] and [8]). The fact that the competition-coloniIf the measured value of L is much closer to 1 than the measured value of N, then successional diversity is mainzation model predicts the absolute loss of species 1 when D reaches c whereas the niche model does not is not par-tained primarily by the competition-colonization tradeoff whereas, if the reverse is true, then successional diverticularly helpful because equation (7) counts all habitats as being occupied by species 1. If we modify the model sity is maintained primarily by the successional niche.
What happens if both L and N are nearly 1? The regions so that species 1 is prereproductive and subordinate in the early successional sites in state M, then species 1 is in figure 3 labeled ''No Coexistence'' give the values of L and N that violate the coexistence criterion (5) for three driven extinct in the niche model when D is too large, just as in the competition-colonization model. different values of α. Note that if L is equal to 1, then coexistence requires that N is less than a threshold value Two experiments allow one to determine the relative importance of the competition-colonization trade-off (equal to 1 Ϫ 1/α), which is itself Ͻ1. The only region in which coexisting species could have values of L and N and the successional niche. Consider a field system governed by model (6) and composed of an early succes-close to 1 is the sliver in each graph along the N ϭ 1 margin in the upper right-hand corner. It is easy to sional and late successional species or suppose that we show analytically that, within this sliver, 1 Ϫ N is of order (1 Ϫ L) 2 or smaller. Thus, if L and N are both close to 1, then N must be much closer than L to 1, and so the niche primarily maintains the successional diversity.
In contrast, if both L and N are substantially Ͻ1, then both mechanisms are important, and model (6) does not reduce approximately either to (1) or (7). The competition-colonization and niche hypotheses are not mutually exclusive alternatives. We suspect that mixed results will be common because good colonizing ability is correlated with rapid growth under resource-rich conditions and poor colonizing ability is correlated with an ability to create and to tolerate low resource levels. MacArthur's theory of r-and K-selection suggests that natural selection causes these associations and implies that a system governed by the pure competition-colonization model will evolve a successional niche. This is because selection should favor specialization of the weak competitor on the resource-rich conditions typical of recently disturbed sites.
The solid curve in each panel in figure 3 separates, by one metric, the region of parameter space in which the competition-colonization trade-off is quantitatively more important than the successional niche from the region in which the reverse is true. Along the solid curve, the sensitivity of species 2's equilibrium abundance to a change in N equals its sensitivity to a change in L (the derivative of X * 2 with respect to N equals its derivative with respect to L). The curves of equal sensitivity verify that L and N are sensible metrics of the relative importance of the competition-colonization trade-off and niche because the curves very roughly follow the diagonal. Note, however, that the position of the curve changes with the value of α (cf. the panels in fig. 3 : A, α ϭ 1.5; B, α ϭ 1.1; and C, α ϭ 5.0). Paradoxically, as the colonization advantage of the early successional species grows, the successional niche also grows in importance relative to the competitioncolonization trade-off. We suspect that this is because the early successional species is better able to colonize the recently disturbed sites to which it is adapted if α is large. In other words, a colonizing advantage improves the The finding shown in figure 4 strengthens this view. small change in the value of N is equal to its sensitivity to Above the curve for each value of α, the relative abuna small change in L. Below and to the right of the solid line, a dance of species 2 will increase following saturating change in N has a greater effect (absolute value) than a change additions of colonists of both species. Because the in L, while above and to the left of the line, the reverse is true. competition-colonization model predicts the opposite The two species cannot coexist above the dotted line. A, α ϭ (the extinction of species 2), this increase must be caused by the successional niche. The relative abundance of species 2 increases in the seed addition experiment whenever the early successional species is more recruitment limited than the late successional species and, thus, has greater difficulty filling its niche. Additions of colonists then dif-tirely separate mechanisms maintain successional diversity. Three alternatives remain, given that colonizer additions increase species 1, niche removals decrease species 2, or both. If species 1 eventually occupies nearly every site in the niche removal experiment, then a successional niche primarily maintains the diversity. If this does not happen and if the early successional species nearly becomes extinct in the colonizer addition experiment, then diversity is maintained primarily by the competition-colonization trade-off. If neither of these two alternatives happens, then both mechanisms are important, and a precise quantitative separation of the relative importance of the two requires measuring additional parameters. The distinction between the niche and competitioncies on the relative abundance of species 2 in model (6). The colonization hypotheses is important, in part because the relative abundance of species 2 increases above the line for a two hypotheses have strikingly different management given value of α and decreases below the line.
implications. Tilman et al. (1997) showed that a diverse system governed solely by the competition-colonization model would lose late successional species catastrophiferentially benefit species 2 because they differentially improve its capacity to ''find'' the locations in which it can cally if even a small fraction of habitat were lost (e.g., converted to agriculture). The reason is that rare late survive and reproduce. Species 2 will be more recruitment limited than species 1, despite species 2's greater successional species in the model cling to the brink of extinction because of their poor colonizing ability. colonizing ability (α Ͼ 1), if the early successional niche is sufficiently rare. The early successional niche may be Any conversion of habitat to agriculture causes them to waste seeds that disperse to the newly agricultural sites. rare because of low disturbance (small D), rapid local succession (large γ), or abundant species 1 (large c rela-This small additional loss of colonizing ability pushes rare late successional species to extinction. In contrast, tive to D). The region in figure 4 corresponding to increased relative abundance of species 2 becomes smaller because species are not recruitment limited in the pure niche model, habitat loss will not cause any extinctions. as α increases because the recruitment limitation of species 2 becomes less as its per capita fecundity grows.
This surprising result arises from the assumption of very large fecundity, which ensures that all species in-A final implication of figure 3 is that precise quantification of the relative importance of the competition-stantaneously colonize all sites. Relaxing this assumption, so that there is recruitment limitation in the model, colonization trade-off and successional niche requires measuring all parameters in the model in addition to L can result in extinction of either early or late successional species, depending on which are more recruitment and N. These include α in (6) as well as parameters controlling differential rates of succession and fecundities in limited, or no extinctions at all providing the proportion of habitat destroyed is sufficiently small. The more recells of different types if these were added to the model. cruitment limited the species, the more likely habitat destruction will result in extinction. Habitat loss is most Conclusions and Discussion likely to cause extinctions of the late successional species if successional diversity is maintained by the competiColonizer addition and niche removal experiments are practical to perform in the field, at least in some systems, tion-colonization trade-off and least likely to cause extinctions if diversity is maintained by the successional and have the capacity to determine if successional diversity is maintained primarily by the competition-niche.
We speculate that disturbances of small spatial extent colonization trade-off, primarily by a successional niche, or by both mechanisms. First, neither mechanism is (like single-individual gaps) will maintain successional diversity primarily by the niche mechanism rather than supported if both the colonizer additions fail to increase the absolute abundance of species 1 and the niche re-the competition-colonization mechanism, especially in productive habitats. This is because late successional pemovals fail to decrease the absolute abundance of species 2. In this case, either the experimental manipulations rennial grasses or shade tolerant forest trees eventually occupy almost all sites in the absence of a large-scale disthemselves failed (i.e., seed additions to increase colonization in a system dominated by clonal growth) or en-turbance, with fugitive forbs or shade intolerant trees hopping among comparatively rare gaps. Because the
